The objective of the present study was to develop a practical method to prepare a stable dispersion of TiO 2 nanoparticles for biological studies. To address this matter a variety of different approaches for suspension of nanoparticles were conducted. TiO 2 (rutile/anatase) dispersions were prepared in distilled water following by treated with different ultrasound energies and various dispersion stabilizers (1.0% carboxymethyl cellulose, 0.5% hydroxypropyl methyl cellulose K4M, 100% fetal bovine serum, and 2.5% bovine serum albumin). The average size of dispersed TiO 2 (rutile/anatase) nanoparticles was measured by dynamic light scattering device. Agglomerate sizes of TiO 2 in distilled water and 100% FBS were estimated using TEM analysis. Sedimentation rate of TiO 2 (rutile/anatase) nanoparticles in dispersion was monitored by optical absorbance detection. In vitro cytotoxicity of various stabilizers in 16-HBE cells was measured using MTT assay. The optimized process for preparation of TiO 2 (rutile/anatase) nanoparticles dispersion was first to vibrate the nanoparticles by vortex and disperse particles by ultrasonic vibration in distilled water, then to add dispersion stabilizers to the dispersion, and finally to sonicate the nanoparticles in dispersion. TiO 2 (rutile/anatase) nanoparticles were disaggregated sufficiently with an ultrasound energy of 33 W for 10 min. The formation of TiO 2 (rutile/anatase) agglomerates in distilled water was decreased obviously by addition of 1.0% CMC, 0.5% HPMC K4M, 100% FBS and 2.5% BSA. For the benefit of cell growth, FBS is the most suitable stabilizer for preparation of TiO 2 (rutile/anatase) particle dispersions and subsequent investigation of the in vivo and in vitro behavior of TiO 2 (rutile/anatase) nanoparticles. This method is practicable to prepare a stable dispersion of TiO 2 (rutile/anatase) nanoparticles for at least 120 h.
INTRODUCTION
In recent years, there has been a rapid progress in research and technology at the nanometer scale. Nanoparticles are defined as particles with a diameter of less than 100 nanometers in one structural dimension. 1 Nanotechnology involves the manipulation of materials at nanoscale levels to create products with novel properties including different conductivity, electrochromic property, photodecomposition ability, optical property, and catalytic activity. 2 3 33-35 Nanomaterials is used generally in commercial products resulting in a widespread exposure. [4] [5] [6] These exposures come from direct workplace exposure or from the use of commercial products made of nanomaterials. Although nanomaterials are widely used in modern technology, there is a serious lack of information about the risk of nanomaterials on human health and environment. Recently, research * Author to whom correspondence should be addressed.
has shown that nanomaterials can enter living organisms and exhibit some toxicity, such as cytotoxicity response, oxidative stress response, inflammatory response, and cell membrane leakage. [7] [8] [9] [10] [11] The manufactured nanomaterials have received enormous attention for their potential hazard on the environment and human health. [12] [13] [14] [15] [16] [17] [18] Therefore, it has become important to determine the assessment of risks and toxicity of engineered nanomaterials. For investigations of the biological effects, nanoparticles have to be well dispersed in solutions without biologic hazard. Micrometer-sized agglomerates of nanoparticles are easily formed in a liquid host. [19] [20] [21] This property results in a poor dispersion and stabilization of nanoparticles in fluids, particularly in water. Compared to well-dispersed nanoparticles, agglomerates of nanoparticles have been shown different biological effects. [21] [22] [23] Therefore, nanoparticles dispersions containing agglomerates are not appropriate for investigating the biological effects. The assessments of biological effects for nanomaterials require a paradigm shift in approach from conventional methods that have been used previously. 24 25 Different dispersion stabilizers have been published previously for the aims of avoiding the formation of agglomerates of nanoparticles in dispersion. 12 20 21 26-29 However, most of these stabilizers are more attention to the dispersing capability. It should be emphasized that the biocompatibility of dispersion stabilizers is important for the biological effect assessment of nanoparticles. Ultrasonication appears to be an effective method for dispersing nanoparticles in solution. 12 19 28 Thus, it is necessary to establish an optimized method including all these aspects (stabilizing capability, biocompatibility, dispersing-promoted physical method) for practical use in biological effect assessment. For this purpose, various previously published nanoparticles stabilizers including carboxymethyl cellulose (CMC), hydroxypropyl methyl cellulose K4M (HPMC K4M), fetal bovine serum (FBS), and bovine serum albumin (BSA) were analyzed for comparison of their dispersing ability and biocompatibility. Meanwhile, an effective energy of ultrasonication on nanoparticles dispersing was measured. An optimized nanoparticle dispersion method for biological effect assessment was expected to be set up.
MATERIALS AND METHODS

Preparation of the Nanoparticle Suspensions
Nano titanium dioxide (TiO 2 ) powder, Degussa P25 (P25, primary particle size 21 nm, 80% anatase, 20% rutile, specific surface area 50 m 2 ·g −1 , Degussa company, Germany), was commercially available and used for the experiments. Nano-TiO 2 dry powder was weighed on an analytical mass balance and suspended in 2 ml distilled water at a concentration of 50.0 mg/ml. This suspension was vibrated by vortex for 2 min (SK-1 Vortex, Hengfeng instrument factory, Jintan, China) and sonicated at 33 W (Sonics Vibra Cell ™ , model VCX 130, Sonics and Materials, Inc., Newtown, CT, USA) for 1 min. To prepare various nanoparticle suspensions (2 ml) at a concentration of 0.5 mg/ml, a variety of different dispersion stabilizers (1.0% CMC, 0.5% HPMC K4M, 100% FBS, 2.5% BSA) were added to 50.0 mg/ml nanoparticles dispersion, respectively (1:100). Subsequently, all the suspensions were vibrated for 2 min and sonicated for 10 min at a frequency of 20 kHz and an intensity of 33 W.
Effect of Ultrasound Energy
The effects of different ultrasound intensities (0 W, 33 W, 46 W, 72 W, 85 W, and 98 W) were tested on TiO 2 suspensions (2 ml) at a frequency of 20 kHz for 10 min. The average size of the particles in suspensions was determined by the method of dynamic light scattering.
Sedimentation Study
The sedimentation rate was determined by detecting the optical absorbance at 322 nm with the help of UVvisible spectrophotometry (752 UV-visible spectrophotometry, Shanghai analytic instrument factory, Shanghai, China) during a time period (0.5 h, 24 h, 48 h, 72 h, 96 h, and 120 h).
Determination of Particle Size and Transmission
Electron Microscopy (TEM) Image Analysis
The average size of the stable particle was determined at pH 7.0-7.2 using a dynamic light scattering device (ELS-8000 Electrophoretic light scattering, Photal, OTSUKA Electronics Co., Ltd., Japan) at time points of 0.5 h, 24 h, 48 h, 72 h, 96 h, and 120 h after sonication. Polydispersity index (weight average molecular weight/number average molecular weight) describes the width of the particle size distribution. Agglomerate sizes of TiO 2 in distilled water and 100% FBS were estimated using TEM analysis. Samples were prepared by drying several drops of dispersions onto a 300-mesh copper grid and analyzed with a Transmission Electron Microscope (JEM-2100, JEOL Ltd., Japan) at an electron emission of 200 kV.
Cell Viability
Human Bronchial Epithelial Cells (16-HBE) were purchased from Cancer Institute and Hospital, Chinese Academy of Medical Sciences. Cells were supplied with RPMI 1640 containing 10% (v/v) filtered fetal bovine serum (Hyclone, Newzealand), 100 IU/ml penicillin, 100 g/ml streptomycin in 25 cm 2 flask. After reaching confluence, monolayer cells were trypsinized for 2∼3 min by using 0.25% trypsin solution and seeded into 96-well plates (1 × 10 5 cells/ml, 180 l/well) for subsequent MTT test. All cultures were incubated at 37 C in a 5% CO 2 humidified atmosphere (BB16uv/BB5060uv CO 2 incubator, Heraeus, Germany). Once a confluent monolayer of cells had formed in 96-well plates, cells were treated with a variety of dispersion stabilizers (100 l/well) for 44 h. After incubation, the supernatant was discarded and cells were supplied with fresh medium (180 l/well). Subsequently, the 16-HBE cells were incubated with MTT (5.0 mg/ml) in the culture medium at 37 C for 4 h. The medium was aspirated and the formazan product was dissolved in dimethyl sulfoxide and quantified spectrophotometrically at 490 nm. The results were expressed as percentage of untreated control in RPMI cultured medium.
Statistical Analysis
Statistical analysis was performed with SPSS software. Data are presented as mean ± SD of at least 3 independent experiments. Statistical significant differences between groups were evaluated using one-way ANOVA test. Student-Newman-Keuls test was used to compare all pairs of means following one-way ANOVA. An level of p < 0 05 was considered to be statistically significant.
RESULTS AND DISCUSSION
Recently, although many dispersion stabilizers for nanoparticles dispersing have been reported, 12 26-29 there is still a lack of investigation on their property of biocompatibility and comparison of their stabilizing capability. An optimal stabilizer with excellent biocompatibility is needed to be applied for decreasing the formation of agglomerates and improving the stability of dispersions. For this aims, the effect of different ultrasound energy was tested for promoting nanoparticles dispersing. Polymeric substance and organic biologic material were used as dispersion stabilizers for nanomaterial dispersing. The biocompatibility of these stabilizers was evaluated for subsequent nanomaterials in vitro and in vivo biological research.
Effect of Ultrasound Energy
Since the frequency of ultrasonic vibration in our study is set at 20 kHz, the energy effect on dispersion (2 ml) was examined in a series intensity of 0 W, 33 W, 46 W, 72 W, 85 W, and 98 W. The average particle sizes for suspension mixed by sonication for 10 min with power intensities of 0 W, 33 W, 46 W, 72 W, 85 W, and 98 W are 527.1 ± 33.4 nm, 252.4 ± 3.5 nm, 257.7 ± 1.0 nm, 301.6 ± 3.2 nm, 284.6 ± 10.5 nm and 315.6 ± 2.0 nm, respectively (Fig. 1) . The result showed that the average size of nanoTiO 2 particles mixed by a variety of ultrasonic energy is about 250 nm∼300 nm. TiO 2 nanoparticles were disaggregated sufficiently with a sonication energy of 33 W. The polydispersity index (PdI) for suspersion mixed by various ultrasound intensities was reduced from 0.279 ± 0.023 to 0.110 ± 0.011 (Fig. 2) . Compared to power intensity of 33 W, higher energy sonication did not further improve agglomerate size reduction. Nanoparticles dispersing ability of ultrasonication arises from acoustic cavitation. Acoustic cavitation provides a unique interaction of energy and substance. 31 Cavitational collapse produces intense local heating, high pressures, and enormous heating. Acoustic cavitation impairs the conjugation of nanoparticles and disperses nanoparticles in stabilization. In our study, we measured the effect of different sonication intensity on preparation of dispersions. After rapid initial size reduction, a further increase in the ultrasound energy did not lead to a further reduction of the particle size. Our result indicates that ultrasonic dispersing is important for preparation of nanoparticle suspension at appropriate intensity. TiO 2 nanoparticles suspension was well-dispersed by ultrasonication at a frequency of 20 kHz, an intensity of 33 W for 10 min vibration.
Absorption Behavior and Sedimentation Rate
According to Reylengh equation (A = kn), the absorbance is directly proportional to the concentration of solid particle in suspension. A is the absorbance of suspension; k is the absorbance constant; n is the solid particle number of suspension per unit volume. 30 32 It means that the higher absorbance, the better dispersion stability of suspension. To investigate the sedimentation rate and precipitate of nanoparticles, the optical absorbance was measured during a time interval of 0.5 and 120 h (Fig. 3) . The absorbance of P25 nano-TiO 2 suspensions was determined by UVVisible spectrophotometry at 322 nm. Our data showed that the absorbance of nano-TiO 2 suspension decreased gradually in the time interval of 0.5 h and 120 h. The absorbance of nano-TiO 2 suspension prepared by distilled water was lower and decreased quickly. 100% FBS and 1.0% CMC obviously maintain a stable suspension in 120 hours, respectively. To test the applicability of this method for other TiO 2 nanoparticles, absorbance measurements of several different type of TiO 2 were performed with limit time points of 0.5 h, 24 h, and 48 h (Fig. 4) . The results showed that stable suspensions of different type of TiO 2 were prepared by 100% FBS and 1.0% CMC, respectively. These results are consistent with that of Degussa p25 TiO 2 nanoparticles.
Particle Size Determination
The actual size of the particles in suspensions was determined using a dynamic light scattering device (Fig. 5) . Nano-TiO 2 particles formed aggregates in distilled water without dispersion stabilizer as indicated by the increase of the particle size from 1054.0 ± 95.7 nm to 2714.1 ± 192.6 nm in the time interval of 0.5 h and 120 h. Addition of dispersion stabilizer (1.0% CMC, 0.5% HPMC K4M, 100% FBS, or 2.5% BSA), the average particle sizes for suspensions were range from 463.7 ± 7.7 nm∼514.0±8.5 nm, 401.6±10.3 nm∼456.9±7.1 nm, 254.4 ± 1.6 nm∼254.2 ± 6.4 nm, 237.0 ± 2.2 nm∼232.8 ± 4.3 nm, respectively. The results of the polydispersity index (PdI) for suspersions at pH 7.0-7.2 were shown in Figure 6 . The PdI of particles in distilled water without stabilizer was significantly larger than that of dispersion stabilized by 1.0% CMC, 0.5% HPMC K4M, 100% FBS, or 2.5% BSA. Compared to dispersion without stabilizer, nano-TiO 2 dispersions stabilized by 1.0% CMC, 0.5% HPMC K4M, 100% FBS, and 2.5% BSA were stable in 120 h. The suspension of TiO 2 nanoparticles dispersed by 100% FBS or 2.5% BSA was more stable in 120 h. Serum is successfully used as a stabilizer in preparing nanoparticles suspension. Similar results are also shown . Particle size of Nano-TiO 2 (rutile/anatase) in suspensions. NanoTiO 2 particles formed aggregates in distilled water without dispersion stabilizer as indicated by the increase of the particle size from 1054.0 nm to 2714.1 nm in the time interval of 0.5 h and 120 h. The average particle sizes for suspensions dispersed by 1.0% CMC, 0.5% HPMC K4M, 100% FBS, and 2.5% BSA were range from 463.7 nm∼514.0 nm, 401.6 nm∼456.9 nm, 254.4 nm∼254.2 nm, and 237.0 nm∼232.8 nm, respectively. The suspension of TiO 2 nanoparticles dispersed by 100% FBS or 2.5% BSA was more stable in 120 h. The experiments were performed in triplicates ( * , p < 0 05, compared to dispersed in distilled water; #, p < 0.05, compared to 100% FBS as dispersion stabilizer). The experiments were performed in triplicates ( * , p < 0.05, compared to dispersed in distilled water; #, p < 0.05, compared to 100% FBS as dispersion stabilizer).
by Lam et al. 12 Albumin is the dominant protein in FBS, which shows high adsorption to TiO 2 particles under different conditions. [36] [37] [38] The increased stability could be due to albumin adsorption onto solid surface. 39 The formation of nanoparticles agglomeration was prevented by the effect of albumin. The effect of particle concentration on TiO 2 particle size was measured. Our result showed that TiO 2 particle size in dispersion has no significant difference at concentration of 0.125 mg/ml, 0.25 mg/ml, 0.5 mg/ml, and 1.0 mg/ml (Fig. 7) .
Polymeric dispersants with long polymer chain are adsorbed on the surface of particles. A space steric stabilization effect is formed to prevent nanoparticles from forming agglomerates. Polymeric dispersion stabilizers . TiO 2 (rutile/anatase) particle size in suspensions with different TiO 2 concentrations. Suspensions of Nano-TiO 2 with different concentrations were prepared by 100% FBS. TiO 2 particle size in dispersions has no significant difference at concentration of 0.125 mg/ml, 0.25 mg/ml, 0.5 mg/ml, and 1.0 mg/ml. The experiments were performed in triplicates.
play a role in nanoparticles dispersing. 27 28 In our study, the dispersing ability of 1.0% CMC and 0.5% HPMC K4M are significant than that of distilled water. Nano-TiO 2 particles are stable in 1.0% CMC or 0.5% HPMC K4M prepared suspensions in 120 h, respectively. TiO 2 has been reported to form aggregates in suspension regardless of sonication or presence of dispersants. 40 In our study, if TiO 2 nanoparticles were only dispersed in distilled water without dispersant, the average size of TiO 2 agglomerate was approximately 2700 nm. Even though 100% FBS or 2.5% BSA was given to stabilize the suspension, the average size of TiO 2 agglomerates in 100% FBS or 2.5% BSA was approximately 250 nm. It is suggested that TiO 2 aggregates are irreversible disaggregated to primary size of 21 nm in suspersion.
Transmission Electron Microscopy (TEM)
Image Analysis TEM images revealed that the TiO 2 nanoparticles were highly agglomerated in distilled water ( Fig. 8(A) ) and slightly agglomerated in 100% FBS ( Fig. 8(B) ). The average size of nano-TiO 2 aggregation in distilled water and 100% FBS is about 1000 nm and 200 nm, respectively. It Fig. 8 . TEM analysis of Nano-TiO 2 (rutile/anatase) in (A) distilled water and (B) 100% FBS. The average size of nano-TiO 2 aggregates in distilled water and 100% FBS is about 1000 nm ( Fig. 8(A) ) and 200 nm (Fig. 8(B) implies that nano-TiO 2 particles are more stable in 100% FBS than that in distilled water. The result of TEM analysis is consistent with the results of DLS and absorbance measurements.
Cell Viability
To analyze the biocompatibility of dispersion stabilizers, 16-HBE cell viability was determined using MTT assay (Fig. 9 ). Compared to cultured medium, cell viability was decreased by addition of distilled water, 1.0% CMC, 0.5% HPMC K4M, or 2.5% BSA. Distilled water played an obviously negative role on cell survival for long time incubation. Osmolarity effect is likely the main reason that induces MTT reduction in the absence of FBS. Addition of 100% FBS in cultured medium did not influence cell viability. These results indicate that 100% FBS is considered as a dispersion stabilizer with a remarkable biocompatibility for nanoparticles dispersing. Similar results are also shown by other research group. 29 It is suggested that 100% FBS is more suitable for nanomaterials dispersing and subsequent biological effect study.
CONCLUSIONS
This dispersion method with ultrasonic vibration and biocompatibility media is practicable for preparing dispersions of nanoparticles and subsequent biological effect study. The optimal sequence of this method was first to vibrate the nanoparticles by vortex and disperse particles by ultrasonic vibration in distilled water, then to add dispersion stabilizers to the dispersion, and finally to sonicate the nanoparticles in dispersion. A ultrasonication intensity of 33 W at 20 kHz for 10 min vibration was sufficient to disaggregate TiO 2 nanoparticles. FBS is the most suitable stabilizer for preparation of TiO 2 nanoparticle dispersion and subsequent investigation of the biological behavior of nanoparticles. The role of BSA or CMC which is overlooked as the cell viability test shows that they are equally good as FBS. Nano-TiO 2 particle dispersion prepared by this practical method is stable for at least 120 h.
